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The dependence of the respiratory rate on the redox poise of the quinone pool was investigated in wiid type and mutant membranes of Rhodobacter 
cu~%~z~iuius, A linear relationship has been found between these two parameters only when succinate was oxidized by the hc, complex. Conversely, 
a marked nonlinear relationship was observed between the Q-pool reduction ievel and the respiratory rate when 0, uptake occurred via the alterna- 
tive oxidase. In addition, it was found that this iatter pathway was not engaged until Q-pool reduction level reached approximately 25%. These 
results are discussed within the framework of a homogeneous pool regulating both photosynthetic and respiratory fluxes. 
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1. INTRO5UCTION 
Purple non-suiphur bacteria ~~~odos~~ri~~aceae~ r  
facultative anaerobes which accommodate the 
pigments and the redox conlponents necessary for both 
photosynthesis and respiration on the same continuous 
~ytop~asmic membrane [l]. Several observations 12-61 
support the concept that photosynthetic and 
respiratory apparatuses hare common redox compo- 
nent(s) such as, for example, soluble cytochrome c. The 
situation is, however, complicated by the fact that the 
respiratory chain branches at the level of ubi- 
qu~none/~c~ ompIex into separate pathways Ieading to 
distinct oxidases, a Cyt c oxidase inhibited by 50yM 
KCN and a quinoi oxidase inhibited by 3-5 mM KCN 
and CO [7,8]. This implies that the quinone pool is a 
key redox element in partitioning electrons through the 
respiratory branches. In addition, since it has previous- 
ly been shown that membrane fra~lnents catalyse a 
light-driven oxygen uptake [9], quinone must necessari- 
ly connect the photosynthetic and respiratory ap- 
paratuses. 
total Q present [7]. The level of reduction was shown 
to increase to only 509;, under conditions in which the 
Cyt c oxidase was blocked by CN- (50 PM), suggesting 
that the Q-pool was in redox equilibrium with the alter- 
native oxidase-containing pathway. A major difficufty 
with such studies, obtained through the use of the ex- 
traction technique introduced by Krtiger and 
Klingenberg [lo), is the lack of a fast and continuous 
monitoring of the Q redox state. Here, the level of 
reduction of the Q-pool has been determined 
voltametrically, a technique recently used to investigate 
the relationship between the redox state of the Q-pool 
and respiratory fluxes in piant mitochondria [ 1 i-131. 
In the present study, we have simultaneously measured 
the steady-state redox level of the Q-pool and oxygen 
consumption, in wild type and respiratory m~ltant 
strains of aerobically dark-grown Rb. capsulatus. The 
data have been interpreted to show that the partitioning 
of electron flow between the bc, containing pathway 
and the alternative oxidase branch is determined by the 
redox state of the ubiquinol pool. 
Early data on the redox state of the Q-pool in mem- 
branes of Rb. capsulatus indicated that the level of 
quinone reduction induced by respiratory substrates 
during steady-state respiration is approx. 40% of the 
2. MATERIALS AND METHODS 
Corre,s~offdence address: D. Zannoni, Department of Biology, 
University of Bologna, 42 Irnerio, 40126 Bologna, Italy 
~~b~ev~~f~o~~~ AA, antimycin A; CNI, cyanide; Cyt, cytochrome; 
Myx, myxothiazol; Q, ubiquinon~; Qi, reduced quinone under 
steady-state respiration; Q$, fulfy reduced ubiquinone; Q-2, 
ubiquinone-2; RC, reaction center 
Semiaerobic growth of Rb. ca~s~/atus was carried out in the dark 
at 30°C in RCV- fMR126 and RI26 strains) and MPYE- (MT1 131 
and MT-GSIR strains) media, as previously described [9,14]. Cells 
were harvested at late log growth phase. After harvesting and 
washing cells in 50 mM Mops15 mM MgClz (pH 7.2) 
chromatophores were prepared by the French press method 191 and 
resuspended at approx. 30 mg protein/ml. Strains used: Rb. cap- 
suiutrcs R126 is a green derivative of strain Yll, a normally 
pigmented, non-phototrophi~ (Ps-) mutant of Rb. caps~/ar;fs [ 151. 
MR126 is a phototrophic (Ps”) derivative of R126, constructed using 
a gene-transfer agent (GTA) [161. Strain X’IT-GS18 is a non- 
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photosynthetic (Ps-), Cyt c, and Cyt c2 deficient (c;,cZ) mutant con- 
structed via GTA [14]. Strain MT1 131 is a ‘green derivative’, 
phototrophic competent (Ps-) of SB1003 [17]. 
Protein concentration was determined by the Lowry method [18]. 
The concentration of cytochrome cI was determined from oxidized 
minus reduced difference spectra (552.5-540 nm, t = 
19 mM-‘.crn-‘). The concentration of reaction centers (RC) was 
measured at 542 nm (t = 10.3 mM_‘,cn-‘) as described in [l9]. 
Ubiquinone-10 was extracted from chromatophores according to 
[7] and its concentration determined by HPLC analysis (high- 
pressure liquid chromatography) [19]. Standards were the kind gift of 
Dr J. Baush and Dr H.E. Keller of Hoffmann-La Roche (Basel). 
Oxygen consumption was measured polarographically in 1.8 ml of 
reaction medium containing 50 mM Mops buffer/5 mM 
MgC12/5 mM KCI, all adjusted to pH 7.2, in a specially constructed 
cell (University of Sussex Workshops) housing a Rank oxygen elec- 
trode, a glassy carbon, and a platinum electrode. 
The redox state of exogenously added Q-2 was measured volta- 
metrically using a glassy carbon working electrode and a platinum 
electrode (Anachem, London) connected to an Ag I AgClz reference 
electrode. The working electrode was poised at -360 mV with 
respect to the reference electrode as described previously [20]. Mem- 
brane fragments (3-5 mg protein) were incubated with 1 ,u.M Q-2 and 
5 mM succinate was added to initiate oxygen consumption. The con- 
centration of Q-2 used had no effect upon the respiration rates or sen- 
sitivity to inhibitors. Fully oxidized Q was taken as the base of the 
trace following addition of Q and membranes. Total reducible 
quinone (Qt) was estimated as the amount reduced under anaerobic 
conditions. Illumination of the reaction chamber was provided with 
a 150 W spot-lamp with a round flask filled with water as a heat filter 
and focusing device between the lamp and the electrode. 
Antimycin and myxothiazol were purchased from Sigma and 
Boehringer Mannheim, respectively. 
3. RESULTS AND DISCUSSION 
Fig. 1A shows the simultaneous measurement of ox- 
ygen uptake and steady-state level of reduction of 
quinone by Rb. capsulatus MR126 membrane 
fragments whilst oxidising succinate. It is apparent that 
the addition of succinate resulted in a rapid (60 s) 
reduction of the quinone pool (to 30% of the level 
SUC 
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achieved upon anaerobiosis, Qt) and initiated oxygen 
consumption. Conversely, in the absence of an ox- 
idisable substrate, there is negligible respiratory activity 
and the quinone pool is substantially oxidised. 
Notably, the level of reduction of quinone is only 
slightly increased by light with no appreciable effect on 
the rate of respiration. 
Fig. IB-D shows the traces of a series of experiments 
in which respiratory electron flow was inhibited by 
either CN-, antimycin A (AA) and/or myxothiazol 
(Myx). The most significant results can be summarized 
as follows: (a) addition of 50pM CN- to respiring 
membranes induces a further reduction of the quinone 
pool (Qr = 70% of Qr) with a parallel 50% inhibition 
of the oxygen uptake (Fig. 1B); (b) Myx (5 PM) and 
CN- (50 ,YM) show similar effects, i.e., partial inhibi- 
tion of respiration with a consistent increase of the 
steady-state level of Qr (Fig. 1B and D); and (c) AA 
(5 FM) blocks 50% of oxygen uptake with only a slight 
effect on the redox state of the quinone pool (Fig. 1B 
and C). Previous data on the reduction kinetics of b- 
and c-type cytochromes in membranes of Rb. cap- 
sulatus MR126 indicated that Myx is highly effective in 
inhibiting reduction of Cyt’s c (cl + ~2) whereas AA had 
a significant, but partial, effect on c-type reduction 
[21]. In contrast, no appreciable change on the reduc- 
tion kinetics of Cyt b-562 was observed upon addition 
of either AA or Myx although a complete block of Cyt 
b reduction could be induced by addition of both an- 
tibiotics [21]. According to the protonmotive ‘Q-cycle’ 
scheme [22], Myx acts at a redox center, defined as Qo, 
in such a way that it blocks quinol oxidation catalyzed 
by both Cyt b-566 (plus Cyt b-562) and Rieske iron- 
sulphur protein [23-251. Conversely, AA blocks reduc- 
tion of quinone by Cyt b-562 through binding to a 
redox center, defined as Q,, in which b-562-heme forms 
Fig. 1. Simultaneous measurement of 02 consumption and steady-state reduction level of Q with membranes from Rb. cupsulu/us MR126. 
Respiration was initiated by the addition of 5 mM succinate (Sue). Membrane concentration was 2.55 mg/ml. Inhibitor additions were as 
indicated at a concentration of 50 FM and 5 ,uM for cyanide (CN-) and antimycin A (AA) or myxothiazol (Myx), respectively. In A, illumination 
was switched ON and OFF, as indicated. Numbers on the respiratory traces are inpequiv. 0~ per h per mg protein. Further details in section 2. 
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the catalytic site [26]. On the basis of these considera- 
tions results of Fig.lA-D suggest, at ieast, two partial 
conclusions, namely: (i) jnhibition of the Cyt c oxidase 
branch by CN- strongly limits the oxidation of quinol; 
and (ii) inhibition of Q,, and/or Qi sites by Myx and/or 
AA results in a differential effect on the redox state of 
the Q-pool. 
In chromatophores from Rhodobacter sphaeroides 
Ga and fib. ca~s~~at~~s MRl26 it has previously been 
shown that the EPR line shape of the Rieske-center is 
affected by the redox state of the Q-pool [27]. Parallel 
experiments in membranes from Rb. capsulatus R126 
(a non-phototrophic mutant) indicated that the R126 
lesion involves quinone function at the Q0 site, Le. 
quinone is excluded from the site necessary for Qr7 
catalysis. In contrast, the Qi site of R126 is fully func- 
tional as compared to its wild-type derivative strain 
(MR126), and also both primary and secondary 
quinone acceptors (Qa and Qb), plus the Q-pool func- 
tion are intact [28]. Fig.2A shows that in membranes 
from R126, approx. 34% of the total reducible quinone 
(Qt) can be reduced by succinate under steady-state 
respiration. As expected, this reduction level was not 
affected by Myx and/or illumination. 
To test the role of both Q0 and Qi sites on the control 
of the Q redox state, with respect to the oxidation of 
reduced Q, a strain lacking hci complex, designated as 
MT-GS18 [14], was analyzed. Rb. capsukfus MT-GS18 
is a double mutant (c:,c;) unable to grow 
pb~totrophically but which maintains the capacity of 
aerobic growth by means of the alternative oxidase 
branch. Fig. 2B shows that in MT-GS18, similarly to 
R126, approx. 37ai; of Qt is reduced by respiration. The 
Q reduction level was insensitive to AA and Myx. 
Fig. 3 shows a typical titration of the Q reduction 
level in wild-type membranes (MT1 131 strain) as a 
function of increasing malonate concentrations (from 
0.05 to 1 f .6 mM) to provide a progressive inhibition of 
succinate oxidase activity, Clearly, as the malonate 
concentration was increased, the steady-state level of Q 
reduction by succinate showed a progressive oxidation 
until a final reduction level of ca 4-5% was reached. 
Fig. 4 shows the results of a number of these ex- 
periments analysing the relationship between electron 
flux via the alternative oxidase and/or the bet complex 
and the reduction level of the Q pool in both MT1 13 1 
and MT-GS18 membranes. The data are presented as 
the ratio of v/V, (where v is the initial rate of oxygen 
uptake in the presence of inhibitor of electron input 
and V, is the uninhibited rate) plotted vs the proportion 
of Q in the reduced state (Q~/Q~). The results obtained 
in MT1 131 (w.t.) membranes indicate that under 
uninhibited conditions (open circles), the relationship 
approximates linearity over the full range of Q reduc- 
tion level (between 4-55’0 and 30%). However, the rela- 
tionship becomes markedly nonlinear when the Cyt c 
oxidase depe~ldent branch is inhibited by CN- (closed 
Fig. 2. Simultaneous measurement of respiration and steady-state 
reduction levet of Q in membranes from Rh. c~~~~/Q~~~ mutant 
strains R126 and MT-GSl8. Membrane concentrations were 2.6 and 
2.1 mg/ml for RI26 and MT-GS18, respectively. Numbers on the 
respiratory traces are in pequiv. 02 per h per mg protein. Additions 
and abbreviations as in Fig. 1. 
circles) and/or CN- p/us AA and Myx (closed squares). 
In this latter case, the Qr/QI level at which a significant 
rare of electron flux can be seen, is shifted from 4-5% 
to approx. 25% indicating that in MT1131 membranes 
the alternative oxidase will not be engaged unless the 
steady-state Q-pool reduction is maintained above this 
SUC 
4 \.O&Malonate 
Fig. 3. Steady-state reduction level of Q and oxygen uptake as a 
function of increasing concentrations of malonate in membranes 
from Rb. e~psu~urus MT1 131. Malonate additions were as indicated 
up to a final concentration of Ii .6 mM. Numbers on the Q-trace are 
in mM whereas those on the respiratory trace are in pequiv. 02 per 
h per mg protein. membrane protein concentration was 1.4 mg/mt. 
Other conditions as in Fig. 1. 
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Fig. 4. Dependence of respiratory flux on quinone redox state in 
membranes from Rb. ~u~~su/u~us MT1131 and MT-GSl8. 
Abbreviations as in Fig. 1. (’ ) MT1 131 in the absence of inhibitors; 
(0) MT1131 in the presence of 50/1M CN-; (m) hITl131 in the 
presence of 5OpM CN plus 5 /bl AA and 5 /~hl Myx; (A) MT- 
GS18. Data represent a summation of two separate experiments. See 
text for further details. 
level. In Fig. 4 the values of v/V,, vs QJQ, in mem- 
branes from MT-GS18, are also reported (open 
triangles). In this mutant strain, the alternative oxidase 
is not engaged to any significant extent until the level 
of the Q pool reaches 12%. Below this level the rate of 
electron flow is negligible. These data suggest that in 
MT-GSl8, in which the total respiratory electron flow 
depends on a quinol oxidase activity, the quinol oxidase 
is engaged at a lower Q reduction level, possibly reflec- 
ting a higher oxidase activity of the mutant. This point 
is currently under investigation (Zannoni and Daldal, 
in preparation). 
It is noteworthy that the Qr values observed in 
MT1131, R126 and MT-GS18 strains were confirmed 
by experiments in which the redox state of the Q-pool 
was determined by combining chemical extraction [lo] 
and HPLC analysis (see section 2) (Table I). 
Table I 
Comparison of the Q-pool reduction Ievcls (Q,/Q,) during steady- 
state succinate oxidation by membranes of RD. ca~sulrrfus, a.\ 
determined by either the voltametric technique (Q-electrode) and/o1 
by extraction/HPLC analysis 
Strains Extraction/HPLC Q-electrode 
MT1 131 0.32 0.35 
MT-GS I8 0.30 0.37 
K126 0.28 0.34 
Note: results are the means of IWO experiments; see text for further 
detail,. 
4. CONCLUSIONS 
This study demonstrates, for the first time, how elec- 
tron flow via the alternative pathway, i.e., quinol ox- 
idase, of Rb. cupsulatus is regulated by the reduction 
level of the Q-pool. Unlike the bcl complex, through 
which electron transport appears to be linearly related 
to QJQ, (between 4-5qo and 30%), net flux through 
the Q,-oxidizing step of the alternative pathway is 
strongly limited until the Q-pool reduction level reaches 
approx. 25vo. Obviously this is dependent on the 
relative rates of input and output of electrons from the 
Q-pool which, in turn, will vary with different 
substrates. 
It has previously been shown that in photosynthetic 
membranes of RD. sphaeroides electron flow is 
modulated by changes in the pool redox state only 
through the quinol oxidase site (Q. site) [19]. The ap- 
parent K,,, of QHz at this site was calculated to be ap- 
prox. 3.5 Q per RC. Semiaerobically grown Rb. 
capsularus MT1 131 contains ca 60 quinones per RC 
(this work, not shown). Since we have demonstrated 
that, under steady-state respiration, the be, complex is 
reduced when the Q reduction level reaches 4-5% 
(Fig. 4), this means that the K,,, of QH- at the Q0 site 
is approx. 2.4-3 Q per KC, a value close to that found 
in phototrophically grown RD. sphrreroides. If we 
define the quinol-oxidizing step of the alternative ox- 
idase as Qo, site, it can also be concluded that in 
MT1 131 membranes (Fig. 4, closed symbols) the K,, of 
QH2 at this site is approx. 15 Q per RC, since the alter- 
native oxidase is only engaged when the Q pool has 
been approx. 2.5”0 reduced. 
The kinetic model of homogeneous Q-pool 
behaviour as proposed by Ragan and Cottingham [29] 
provides a mechanism to explain the observed first- 
order kinetics of oxido reduction of Q, via the 
cytochrome chain under conditions of apparent 
equilibrium saturation. More recently, Reed and Ragan 
[30] demonstrated how modification of the 
homogeneous pool model, to incorporate the existence 
of an unfavorable equilibrium associated with the 
quinol oxidase step, may cause marked deviations from 
first-order kinetics. A marked non-linearity of the rela- 
tionship between alternative pathway activity and 
reduction level of the Q-pool has been shown to be pre- 
sent in soybean (G/_vcine max) mitochondria where the 
CN--insensitive pathway is not engaged until Q,/Q, 
ratio reaches 35-4OO;o [12]. Here we demonstrate that 
a similar non-linearity between these two parameters is 
also observed in membranes from Rb. capsulafus under 
conditions in \vhich the bcl-containing branch is either 
absent or inhibited. 
In plant mitochondria, the non-linearity of the rela- 
tionship between CN-resistant pathway activity and the 
reduction level of the Q-pool, has been suggested to 
limit the extent of ‘energetically wasteful’ respiration 
126 
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[12]. This proposal is not applicable to Rb. capsulatus, 
since observations made with the respiratory mutant 
R 126 indicate that the quinol oxidase pathway is linked 
to energy transduction [31]. Furthermore, it has also 
been observed that the restriction of respiratory elec- 
tron flow by light and the uncoupling of electron flux 
from ASH+, involves the quinone-reducing step 
(NADH dehyd) rather than the quinol-oxidizing 
pathways [32,33]. These findings suggest that, under 
aerobic conditions in the light, the alternative oxidase 
of Rb. capsulatus will be poorly engaged because of a 
limited substrate-dependent electron input. Conversely, 
a net flux through the QoX site of the alternative 
pathway will be observed under conditions of high in- 
flux rate, e.g., when the reducing power level is large 
enough to induce uncoupling of complex I [33]. 
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